Nucleolin (NCL) plays an important role in tumor vascular development. An increased endothelial expression level of NCL has been related to cancer aggressiveness and prognosis and has been detected clinically in advanced tumors. Here, with a peptide targeted to NCL (F3 peptide), we created an NCLtargeted microbubble (MB) and compared the performance of F3-conjugated MBs with non-targeted (NT) MBs both in vitro and in vivo. In an in vitro study, F3-conjugated MBs bound 433 times more than NT MBs to an NCL-expressing cell line, while pretreating cells with 0.5 mM free F3 peptide reduced the binding of F3-conjugated MBs by 84%, n ¼ 4, p < 0.001. We then set out to create a method to extract both the tumor wash-in and wash-out kinetics and tumor accumulation following a single injection of targeted MBs. In order to accomplish this, a series of ultrasound frames (a clip) was recorded at the time of injection and subsequent time points. Each pixel within this clip was analyzed for the minimum intensity projection (MinIP) and average intensity projection (AvgIP). We found that the MinIP robustly demonstrates enhanced accumulation of F3-conjugated MBs over the range of tumor diameters evaluated here (2e8 mm), and the difference between the AvgIP and the MinIP quantifies inflow and kinetics. The inflow and clearance were similar for unbound F3-conjugated MBs, control (non-targeted) and scrambled control agents. Targeted agent accumulation was confirmed by a high amplitude pulse and by a two-dimensional Fourier Transform technique. In summary, F3-conjugated MBs provide a new imaging agent for ultrasound molecular imaging of cancer vasculature, and we have validated metrics to assess performance using low mechanical index strategies that have potential for use in human molecular imaging studies.
Introduction
Although nucleolin (NCL) is primarily known as a nuclear and cytoplasmic protein, NCL is also expressed on the endothelial cell surface, and cell surfaceeexpressed NCL has been identified as an angiogenesis marker [1] . Cell-surface NCL plays a critical role in carcinogenesis [2] , and overexpression of NCL is correlated with aggressive tumor progression and poor prognosis [3e5] . Moreover, treatment with a nucleolin antibody can produce endothelial cell apoptosis and normalization of tumor vasculature [6] . In current clinical practice, the expression level of NCL is tested through biopsy, which is invasive and cannot map the spatial distribution [3e5,7] . Therefore, a non-invasive method to detect and map NCL expression is desired.
As compared with magnetic resonance imaging, x-ray computed tomography and positron emission tomography, ultrasound (US) is attractive for its non-invasiveness, low cost and realtime protocols. US molecular imaging, with targeting moieties conjugated to the surface of microbubbles (MBs), facilitates diagnosis and analysis based on molecular characterization of disease processes, and therefore allows for earlier disease detection [8, 9] . Molecular imaging methods also show promise for enhancing diagnostic specificity, guiding therapeutic choices, and monitoring cancer progression and therapeutic response [10e13] . Here, by conjugating an NCL-targeting peptide (F3) to the surface of a MB, we create an NCL-targeted MB (Fig. 1) , and evaluate the ability of F3-conjugated MBs to detect NCL expression in the tumor noninvasively.
Compared with other molecularly-targeted constructs or particles, targeted MBs have the following distinguishing characteristics. First, MBs are relatively large contrast agents and often individual voxels contain zero or a few MBs at any time; this is fundamentally different than molecular scale agents (such as small molecules) that are diffusely distributed in other imaging modalities. Therefore, signal processing methods can take advantage of differences in MB concentration as a function of time and space. This is the basis of the projection algorithms explored here. Second, MBs remain in the tumor vasculature due to their micron-scale diameter, enhancing the specificity for imaging tumor vasculature [14, 15] . Third, molecularly-targeted MBs clear rapidly from circulation with a blood stream half-life of 3.5 min, with 95% of the MBs cleared from the blood pool after 30 min [16] . Fast clearance of imaging agents ensures practical clinical protocols and enhances the target-tobackground ratio. Fourth, the required dose for MB imaging is low with 1 Â 10 À6 to 1 Â 10 À4 g administered per kg of body weight (calculated from Refs. [10,17e23] ). Fifth, the major components of the MB shell are phospholipids, similar to cell membranes, and therefore immunogenicity is expected to be relatively low [24] . Angiogenesis markers that have been studied in US molecular imaging include a v b 3 [10, 17] , Vascular endothelial growth factor receptor type 2 (VEGFR2) [18e20], B7-H3 (CD276) [21, 22] , Thymocyte differentiation antigen 1 (Thy1) [25] , E-Selectin [26] , Endoglin/CD105 [11] , Prostate-specific membrane antigen (PSMA) [27] , Secreted frizzled related protein-2 [28] , and Neuropilin-1 [29] . First-in-human US clinical trials are underway with a molecularlytargeted contrast agent (BR55), where the ligand is targeted to VEGFR2 [8, 30] . While the expression of most angiogenesis markers (e.g. a n b 3 integrin [17] , VEGFR2 [31] and Endoglin [11] ) decreases with increasing tumor volume, NCL expression was associated with large tumors (!5 cm) in a cohort of 146 consecutive non-small cell lung cancer patients [4] . Therefore, NCL is an attractive target for non-invasive molecular imaging in advanced cancers (e.g., molecular profiling for NCL expression) and for therapeutic delivery. NCL targeting ligands, including the oligonucleotide aptamer AS-1411 [32] and the F3 peptide [33] , have been used to direct antisense oligonucleotides [34] , nanoparticles [35e39], and liposomes [40, 41] to tumor blood vessels for imaging [35, 36, 38, 39] and therapeutic applications [34,37e39,41] . AS-1411 is a 29-mer oligonucleotide aptamer (molecular weight (MW)~14,500) and F3 is a 34-mer peptide (MW~3500). Based on extensive previous experience with peptide-conjugated MBs, ease of synthesis and the smaller MW, the F3 peptide was used here to target NCL.
Methods to distinguish the bound-MB signal from that of flowing MBs continue to be developed. Approaches include applying radiation force and imaging protocols to enhance and assess accumulation [42] , measuring the signal remaining after the clearance of flowing MBs [30] , measuring the signal intensity change caused by a high-intensity US pulse designed to destroy circulating MBs [10, 43] , averaging images acquired over several seconds to obtain average intensity projections (AvgIPs) [10, 43] , computing the dwell time [44] , and using minimum intensity projections (MinIPs) acquired over several seconds [45] .
We have previously shown that high-intensity insonation of targeted MBs can reduce blood flow [43] , and therefore our goal is to develop methods to quantify the accumulation and clearance of MB contrast agents using low-intensity US pulse sequences. Given that targeted MBs are now being evaluated in clinical trials and that the use of low transmission intensities is important for widespread clinical use of MBs, the development of such metrics has high significance. While kinetic parameters are also important for breast cancer, as considered here, the diagnosis of liver cancer provides an additional example of the requirement for both accumulation and kinetic parameters. Hepatocellular carcinoma is typically diagnosed by the combination of image hyper-enhancement during the arterial phase and delayed washout in the portal or later contrast phase [46] . Differential diagnosis and the detection of small lesions are expected to be enhanced by targeted contrast agents now in clinical trials [8, 14] , and the development of metrics for both kinetics and accumulation is important.
Once the projections are created, we have shown previously that a two-dimensional Fast Fourier Transform (2D-FFT) of the projection can differentiate the speckle characteristics associated with bound MBs from the smooth projections associated with flowing MBs [10] . The spectral width of the 2D-FFT peak width increases as MBs bind and can provide a reliable metric for accumulation.
Although most US molecular imaging studies have acquired images in a single plane, 3D US is desirable to map the concentration of agent throughout a tumor [47e49]. Matrix arrays, capable of acquiring 3D data sets, are now available, and therefore 3D protocols are of interest. However, acquiring images from all planes in a volume during the kinetic phase reduces the number of frames available in each slice. Therefore, the impact of the number of acquisition frames on the metrics developed here is also assessed.
Materials and methods

Synthesis of peptides and lipo-peg-peptides (LPPs)
The F3 peptide, F3 LPP and scrambled F3 LPPs were synthesized as in Ref. [50] and described briefly below. The reagents, including solvents, amino acids, Fmoc-Peg27-OH, and Fmoc-Peg4-OH, were obtained from EMD Biosciences (La Jolla, CA) unless otherwise specified. The F3 peptide [1, 33] , with a sequence of AKVK-DEPQRRSARLSAKPAPPKPEPKPKKAPAKK, and a scrambled F3 peptide (QPAPAPADKLKPKEKEKSKSKRKRKRAPAVPPAP) were synthesized in this paper. The syntheses were performed on a Biotage ® Initiator þ Microwave Synthesizer (Biotage, Charlotte, NC), starting with Rink Amide ChemMatrix resin (Biotage, Charlotte, NC) and involved a standard Fmoc protocol [51] . After the two peptides were synthesized on the resin, the peptides were cleaved and the resultant masses were verified with MALDI (Bruker UltraFlextreme MALDI TOF/TOF, Bruker Daltonics Inc., Billerica, MA); both F3 and scrambled peptides had an expected MW of 3729 and measured MW of (H þ ) 3731. The two peptidyl resins were then coupled with PEG and lipids on resin manually, as described in
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Nucleolin-expressing cell Ref. [50] . Starting with the F3 peptidyl resin, the amine group at the N-terminal A 1 was used to couple 3 units of Fmoc-Peg27-OH to create a PEG length of 3564 Da and expose the F3 peptide above the PEG2000 brush layer of the MB surface. For the scrambled F3 LPPs, the amino group on the side chain of K 17 of the scrambled F3 peptide was used to couple PEG. Two versions of scrambled F3 LPPs were synthesized: one with a PEG length of 176 Da thus hiding the peptide within the PEG brush (buried scrambled F3, abbreviated as "B-Scr" in this paper) and one with a PEG length of 3564 Da (exposed scrambled F3, abbreviated as "E-Scr" in this paper). After the PEG was coupled onto the peptidyl resin, the Fmoc-Lys(Fmoc)-OH was coupled onto the peptidyl resin. After Fmoc removal, this provided two exposed -NH 2 groups. The two -NH 2 groups were used to couple stearic acid, which anchors the LPP within the lipid layer of the MB surface. The LPPs were then cleaved from the resin and purified with RP-HPLC, and the molecular weights [29] and summarized here. First, MB precursors, which are liposome solutions, were made with a thin-film hydration method, and then kept at 4 C until use. Before use, the liposome solutions were shaken to generate a MB suspension, which was further purified via centrifugation to remove larger and smaller MBs. The size and concentration of the purified MBs were measured with an Accusizer 770A (Particle Sizing Systems, Port Richey, FL), and the MBs were used within 2 h of the final purification.
Cell culture and MB binding in vitro
An NCL-expressing breast cancer cell line, MDA-MB-435S [33] , was purchased from American Type Culture Collection (ATCC, Manassas, VA, # HTB-129). Cells were cultured in Leibovitz's L-15 medium supplemented with 0.01 mg/ml bovine insulin, 0.01 mg/ ml glutathione, 10% fetal bovine serum and 1% penicillinestreptomycin. Cells were grown at 37 C in a humidified air atmosphere incubator and passaged or plated for experiments when 80e90% confluent. For passaging, cells were dissociated from plates using TrypLE™ Express (Invitrogen Corporation, Carlsbad, CA) and split at a subculture ratio of 1:3 to 1:6. For MB binding experiments, 2.5 Â 10 5 cells were seeded onto 25 mm collagencoated Thermanox™ coverslips (Thermo Fisher Scientific, Waltham, MA) and grown in 35 mm tissue-culture treated dishes for 24 h before use. F3-conjugated MB binding to MDA-MB-435S was tested and compared with NT MB, following a procedure described in Ref. [29] . Briefly, F3 or NT MB suspensions were applied to plates of MDA-MB-435S cells grown in monolayer at a concentration of 1 or 2 Â 10 7 MB/ml, which was followed with an incubation of 5 min at 37 C. Free F3 peptide was applied to inhibit MB binding. Coverslips with MDA-MB-435S monolayers were incubated with either phosphate buffered saline (PBS) or F3 peptide in PBS (0.5 mM) at 4 C for 30 min, prior to the MB treatments (also at 4 C, with a MB concentration of 0.5 Â 10 7 MB/ml). For each condition, 4 plates of cells were tested (n ¼ 4). Five images were randomly acquired per plate and analyzed with ImageJ (imagej.nih.gov/ij/), and the MB area per field of view was calculated from the "Analyze Particle" function in ImageJ.
Tumor model
All animal studies were conducted under a protocol approved by the University of California, Davis Animal Care and Use Committee. Female FVB mice, 5e6 weeks old, 15e25 g, were purchased from Charles River Laboratory International Inc. (Wilmington, MA). Syngeneic breast cancer tumors were grown by transplanting a 1 mm 3 piece of donor neu exon deletion line (NDL) tumor into each of the bilateral 4th mammary fat pads. Three weeks later, after reaching a maximum diameter of 4e6 mm, the tumors were imaged [52] . Before MB imaging, anesthesia was established with 2% isoflurane (Halocarbon Laboratory, River Edge, NJ) in oxygen (2 L/min), and the animal was placed on a heated stage to maintain body temperature at 37 C. The hair above and around the tumor was removed by shaving followed by chemical depilatory (Veet, Reckitt Benckiser), and US gel (Aquasonic, Parker Laboratories Fairfield, NJ) was applied to couple the US transducer. MBs were administered by tail vein injection with a 27-gauge needle connected to a cannula. A dose of 2 Â 10 7 MBs in 50 ml saline was injected followed by a 10 ml saline flush.
Tumor accumulation and specificity
To test in vivo performance and specificity, the accumulation of F3-conjugated MBs was compared to that achieved with NT, B-Scr and E-Scr MBs. For each imaging session, MBs were injected consecutively in a random order, and the results from wellperfused tumors were reported here (n ¼ 14, 6, 4, and 6 for F3, NT, B-Scr and E-Scr MBs respectively). The number of consecutive injections per imaging session was limited to 4 or less, to minimize the time under anesthesia and the volume of fluid injected.
Imaging procedure
US imaging was performed in a manner similar to [10, 29] , with some modifications (Fig. 2A) . MBs were imaged with contrast pulse sequencing (CPS) mode on a Sequoia 512 (Siemens, Issaquah, WA), with a 15L8 transducer. CPS imaging parameters were: a Mechanical Index (MI) of 0.09, a frame rate of 11 Hz and a CPS gain of À12 dB. For each MB injection, a B mode image was acquired before injection to locate the tumor, and CPS clips of 10 s in duration were recorded at the time of injection (0 min), and 0.5, 1, 2, 4, 6, 8, and 8.5 min post injection. A microbubble destruction (MBD) pulse (MI 0.40) was applied at 8.25 min to destroy the MBs. At the 8 min time point, additional MBs did not readily accumulate. Therefore, by comparing images before and after MB destruction, the accumulation of targeted MBs was further validated.
US image analysis
All of the US images were analyzed offline with MATLAB (Mathworks, Natick, MA) and ImageJ (Fig. 2B ). For each of the 10-sec clips, obtained at 0, 0.5, 1, 2, 4, 6, 8 (before MBD), and 8.5 (after MBD) min post injection, motion correction was first performed for each frame, and the AvgIP or MinIP was then obtained.
Motion correction was implemented by minimizing the sum of the absolute difference (SAD) between frames over regions of interest (ROIs). The SAD intensity was then compared with a threshold and frames corresponding to respiration and exceeding this threshold (20% of total frames) were discarded prior to the creation of the projections.
The concept of the AvgIP and MinIP is summarized in the graphical abstract. For micron-diameter MBs, the AvgIP creates an image that reflects the average US signal in each pixel over 10 s, thus incorporating signals from both bound and flowing MBs. The AvgIP was generated by averaging the aligned CPS frames within the 10-s (110 frames) clip on a pixel-by-pixel basis, as detailed in Ref. [10] . The MinIP estimates the minimum signal in each pixel over 10 s, and is elevated only in regions with bound MBs. The MinIP was generated by finding the minimum intensity for each pixel within the 10-s clip, similar to methods described in Ref. [45] . Quantitative image intensity metrics were then recorded over manually-selected ROIs on the AvgIP or MinIP. For each injection, the tumor intensity readings were normalized by the AvgIP tumor intensity at 30 s post MB injection, which was set as 100, to account for any differences resulting from the injection. The 30-sec time point was chosen to allow for the injected bolus to be mixed throughout the blood volume. The normalized intensities were plotted in time-intensity curves to study kinetics, and used in calculating the intensity difference before and after MB destruction.
Characterizing bound MBs with the 2D-FFT
The projections were further analyzed with a 2D-FFT to quantify US speckle resulting from bound MBs, with a procedure shown in Supplementary Fig. 2 . From an AvgIP or a MinIP, a rectangular area (341 Â 341 pixel 2 , 2 Â 2 cm 2 ) centered on the tumor was processed with the 2D-FFT routine in ImageJ. The resulting 2D-FFT was then converted into a one-dimensional plot of the spectral intensity as a function of the distance from the origin, and the À3 dB spectral width was then calculated.
Effect of the frame rate and number of frames available to the projections
The effect of frame rate on the projections and the 2D-FFT peak width were studied. The 10-sec CPS image clips were downsampled by 10, 4 or 2 (yielding an effective frame rate of 1.1, 2.75 or 5.5 frames/second, respectively) and the resulting metrics described in Fig. 2B were compared with those obtained using all data (11 frames/second).
Statistics
All data are presented as mean ± standard deviation from 4 or more replicates, calculated in Excel 2010. GraphPad Prism 6.0 was used to generate the multiple comparison statistics in this paper, with either one-way or two-way ANOVA and a multiple comparison correction. Comparisons between two normally-distributed populations were performed using a 2-tailed student t-test. A p value smaller than 0.05 was considered significant.
Results
Effects of ligand on MB size
Typical size distributions of MBs incorporating 1% F3, B-Scr, or EScr LPPs were compared with NT MBs in Fig. 3 and Table 1 . Relevant data from MBs with 1% of a smaller peptide (CRPPR) conjugated to a LPP (CRP LPP) [29] are also listed for comparison. Compared with NT MBs, MBs incorporating F3, B-Scr, E-Scr, or CRP LPPs have a similar number-weighted mean diameter (Fig. 3A , C, and Table 1 ). The volume-weighted mean diameter was greater for MBs incorporating F3, E-Scr, or CRP LPPs (p < 0.001, Fig. 3B and C, and Table 1) as compared with NT MBs and MBs incorporating a B-Scr LPP. No significant difference was observed between the volume-weighted diameter of MBs incorporating F3, E-Scr, or CRP LPPs.
F3-conjugated MB binding to NCL-expressing cells and the inhibition study
Compared with NT MBs, F3-conjugated MBs bound 188 or 433 times more to MDA-MB-435S cells [33] , at the concentrations of 1 or 2 Â 10 7 MB/ml, respectively (p < 0.001, Fig. 4AeC ). Preincubating the cells with free F3 peptide (0.5 mM) decreased binding by 84% at 5 Â 10 6 MB/ml (p < 0.001, Fig. 4DeF ), indicating the specificity of F3-conjugated MB binding. 
In vivo MB binding study
Conjugation of the F3 peptide enhanced in vivo MB echoes from NDL tumors (Fig. 5, 1st and 5th rows) more than NT (2nd and 6th rows), B-Scr (3rd and 7th rows), and E-Scr (4th and 8th rows) MBs in both the AvgIP (upper four rows) and MinIP (lower four rows), with differences particularly evident at later time points, e.g., 8 min.
Based on the tumor AvgIPs, MB echoes increased immediately after injection and reached a maximum at 0.5 min, followed by a decrease from 0.5 to 8 min (Fig. 6A ) due to MB clearance from determined using a two-way ANOVA with Sidak's multiple comparisons test in C and an unpaired student t-test assuming unequal variance in F, ***, p < 0.001.
circulation. MBD at 8.25 min further decreased the signal intensity to approximately the intensity observed before injection, indicating most of the signal at 8 min was from bound MBs. Between 0.5 and 8 min after injection, the tumor image intensity from F3-conjugated MBs decreased more slowly than the control MBs, indicating greater accumulation of F3-conjugated MBs. F3-conjugated MB accumulation was greatest for the largest tumors studied and increased with increasing tumor diameter ( Supplementary Fig. 1 ). The signal intensity drop caused by MBD at 8.25 min further validated the targeted accumulation of bound MBs (Fig. 6D , and Table 2 ). The MinIPs of the tumors were also quantified to study tumor binding kinetics (Fig. 6B) . MB echoes from all formulations increased immediately after injection (0e0.5 min), followed by a slow increase for F3 and E-Scr MBs and a decrease for NT and B-Scr MBs (0.5e8 min), indicating that F3 and E-Scr MBs gradually bound to tumor vasculature while NT and B-Scr MBs did not bind. MBD at 8.25 min after injection decreased the signal intensity to approximately the level observed before injection (Fig. 6B) , again indicating that most of the signal at 8 min was from bound MBs. The signal intensity drop caused by MBD at 8.25 min further characterized the signal intensity from the bound MBs (Fig. 6E , and Table 2 ).
The difference between the AvgIP and MinIP (Fig. 6C ) is proposed as a metric for MB clearance. Here, the kinetics of the vascular clearance was similar for all of the injected agents, as was the goal in the synthesis of these agents.
The 2D-FFT quantified the speckle induced by bound MBs within projections obtained after F3-conjugated MB injection (Fig. 7 , Table 3 MinIP suppresses signals from flowing MBs more effectively than the AvgIP. The image intensity for control MBs was low at the later time points and therefore the FFT analysis was not applied to the control agents.
The above image analysis was based on clips with a frame rate of 11 frames/second. In order to assess performance for 3D protocols that usually require lower frame rates, data were downsampled and the performance for reduced frame rates was assessed ( Fig. 8 and Table 4 ). While the AvgIP intensity was not affected by frame rates between 1.1 and 11 frames/second for F3 or NT MBs (data not shown), the MinIP and MinIP intensity reduction at MBD metrics were altered with decreasing frame rate ( Fig. 8AeC and Table 4 ), indicating that a higher frame rate facilitates the elimination of flowing MBs from the MinIP. However, even at the lowest frame rate studied here (1.1 frames/second), the MinIP discriminated bound and flowing MBs, demonstrating the accumulation of F3-conjugated MBs and the clearance of NT MBs (Fig. 8AeB) . Further, the ratio between F3 and NT MBs, calculated from the intensity reduction at MBD, was greater for the MinIP than the AvgIP (Table 4) .
The 2D-FFT peak width of the MinIP did not change significantly with the frame rate (Fig. 8D) , proving the robustness of the peak width in characterizing accumulation. For all of the frame rates studied in this paper, the peak widths increase similarly with time after injection of F3-conjugated MBs.
Discussion
Targeted US contrast agents are useful for preclinical evaluation of vascular receptor expression, and clinical translation is now moving forward. Potential targeting ligands include antibodies [22,53e55] , peptides [10, 26, 30, 31, 56] , or engineered scaffold ligands [57, 58] . Methods to conjugate ligands onto the surface of contrast agents have included biotin-avidin coupling [22,43,53e55] and covalent bonds [10, 26, 30, 56, 59] . In this paper, a peptide was displayed on the surface of the MB by including a lipo-PEG-peptide during self-assembly. Targeting via a peptide reduces the immune response as compared with an antibody or biotin-avidin interaction.
F3 peptide as a ligand for MB accumulation
The F3 peptide [60] and F3 peptide-conjugated nanoparticles [35, 61] have previously been studied as imaging probes for tumors. F3 peptide-conjugated oligonucleotides [34] and nanoparticles [62] have also been reported as having therapeutic effects in cancer. In this paper, F3-conjugated MBs were studied as an imaging probe for tumors and enhanced the tumor image intensity by 4.4 fold more than NT MBs. Further, we found that F3-conjugated MBs accumulate on tumor vasculature over a range of tumor diameters from 2 to 8 mm, supporting the previous finding that tumor vasculature expresses NCL even in advanced disease. Our previous studies targeting MBs to other angiogenic markers have demonstrated a reduced accumulation in advanced disease [29] . Taken together, the results indicate that F3 is an interesting ligand for targeted tumor imaging and for guiding therapy. With 1% of the ligand in the MB lipid shell, MBs with a buried scrambled F3 peptide (B-Scr MBs) were similar in diameter to NT MBs, while the volume-weighted diameter was greater for F3 and exposed scrambled F3 peptide (E-Scr) MBs. We hypothesize that this effective size difference results from the PEG spacer rather than the peptide properties. This is further supported by the fact that size differences were not observed between F3 and CRPPR MBs, although F3 is a 34-mer with a net charge of þ9 while CRPPR is a 5-mer with a net charge of þ1. It has been reported that F3-coated particles bind to NCL-expressing cells and the binding is blocked by free F3 peptide with a concentration of 0.1e1 mM [33, 36, 63] . This effect was also observed in our MB study. F3-conjugated MBs bound to NCL-expressing cells at a 433 fold greater level than NT MB, and binding was inhibited by pretreating the cells with 0.5 mM free peptide at 4 C. Interestingly, inhibition was not observed when pre-treatment incubation was performed at 37 C (data not shown). We hypothesize that this results from the internalizing properties of the F3 peptide.
The B-Scr LPP was designed to have the same charge but a shorter PEG length as the F3 LPP (176 vs 3564 Da), such that the peptide is buried inside the PEG2000 brush layer on the MB surface. With this structure, B-Scr LPP incorporation did not increase MB binding to tumor vasculature. However, the E-Scr LPP, with the same charge, increased MB binding to~70% that of F3-conjugated MBs. The F3 peptide is a 34-mer, with 11 unique amino acids, in which Lys, Pro, and Ala are repeated 9, 8, and 6 times, respectively. Therefore, the scrambled sequence contains elements of the original. Further, with 1% ligand, a one-micron MB has 5 Â 10 4 ligands on the surface [64] , and the multivalency effect [65] decreases the affinity difference from two monomeric peptides [50] .
Metrics and image analysis
With the translation of targeted US contrast agents, validation and standardization of quantification methods to separate bound and flowing MB signals are urgently needed. Currently, a widelyused method includes a waiting time (up to 10 min) after injection of targeted MBs to allow for binding to the target site and clearance of flowing MBs from the blood. This is followed by a MB destruction pulse, and the US intensity before and after destruction is recorded and assumed to represent the signal from bound MBs [10] . In this paper, we sought to develop quantitative low mechanical index strategies to detect MB accumulation and assess the kinetics.
The AvgIP magnitude increased with a targeted agent, as compared with a control (NT) agent, but decreased over minutes after injection due to the clearance of the circulating MBs. Most importantly, we found that the MinIP increased as MBs bind to the target vasculature over time. Further, the intensity drop resulting from MBD of MinIPs obtained with F3-conjugated MBs was 4.4 times higher than that obtained with NT MBs, while this measure decreased to 2.2 with AvgIPs (Table 2) .
A 2D-FFT of projections was previously used to study the distribution of targeted MBs, with a narrow peak indicating flowing MBs and a wider peak indicating a speckle resulting from bound The use of the MinIP time-intensity curve to track MB accumulation is attractive as it has the potential to remove the requirement for MBD and the requirement for the injection of a control MB. Although the risks resulting from MBD are relatively small, low mechanical index US protocols have been preferred by contrast agent suppliers during clinical trials, since high-intensity insonation of targeted MBs could potentially induce biological effects [43] . Similarly, removing the requirement for a control injection would reduce the time required and decrease the already low risk of anaphylaxis. Thus, clinical translation could be greatly simplified.
Tracking the difference between the AvgIP and MinIP over time provides the opportunity to visualize the clearance of MBs from circulation. Here, the rate of (AvgIP-MinIP) decrease for the targeted and control agents was similar, indicating similar wash-out kinetics. Taken together, the data indicate that a single injection of targeted MBs can be used to acquire both the kinetic data for unbound agents and the accumulation of the targeted agent. Therefore, the calculation of both the MinIP and (AvgIP-MinIP) could be useful in many cancers, including breast and liver cancers where both accumulation at the target site and the wash-in and wash-out of NT agents are of interest.
With the development of 3D US molecular imaging, methods to characterize binding with reduced data sets are desirable since volume acquisition reduces the effective acquisition rate to approximately 1 vol per second (and each frame is repeated at this rate). Although the absolute value of the MinIP was altered by decreasing frame rate, the trend in the MinIP over minutes after injection and the 2D-FFT peak width of the projections continued With decreasing frame rate, the MinIP intensity increases for both F3 (A) and NT (B) MBs at all time points, indicating a decreasing efficiency in removing the flowing MB signal intensity. The intensity drop at MBD is greater for F3 as compared with NT MBs, and both decrease similarly with frame rate. With increasing time after injection, the 2D-FFT width increases due to increasing speckle and is independent of frame rate. to provide a robust indication of MB accumulation and clearance.
Study limitations
The in vitro static binding assay used here assesses specificity but does not include the effect of flow conditions. Flow chamber assays provide the opportunity to assess the on/off rates of MB binding and are the subject of ongoing work.
Conclusion
In this paper, an F3-conjugated MB was synthesized, and the in vitro and in vivo performances were compared with NT MBs and scrambled controls. We find that F3-conjugated MBs bind to an NCL-expressing cell line at a level 433 times greater than NT MBs, and this accumulation enhances the detection of syngeneic murine breast tumors. We find that metrics for targeted MB accumulation and metrics for MB wash-in and wash-out can be obtained from the same dose of contrast agent using a low amplitude pulse sequence by calculating the average and minimum intensity projections.
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